A single Borrelia burgdorferi bacterium may contain six or more different 32 kb circular plasmids (cp32s). Although these plasmids are homologous throughout much of their sequences, two loci have been identified at which they can vary significantly. The cp32 plasmids and their relatives each contain two adjacent genes, orff and otf3, that vary in sequence between plasmids found within clones of individual bacteria. The orfC gene product is homologous to proteins involved in partitioning of bacterial plasmids, and the differences at this locus between plasmids may account for their compatibility. The odC4rf3 loci are located approximately 5 kb from another variable locus called em. The odC4tf3 loci were used as physically linked markers to assess genetic rearrangements in the erp loci; this revealed examples of recombination involving both individual genes and entire erp loci. Recombination of the genes encoding the Erp antigens might contribute to the evasion of the mammalian immune response and could play roles in the establishment and persistence of B. burgdorferi infections in mammalian hosts.
INTRODUCTION
The Lyme disease spirochaete Borrelia burgdorferi contains an unusual genome composed of a linear chromosome (Baril et al., 1989; Casjens & Huang, 1993; Davidson et al., 1992; Ferdows & Barbour, 1989) and a large number of linear and circular plasmids (Barbour, 1988; Simpson et al., 1990a; Xu & Johnson, 1995) . Among the DNA species found in these bacteria is a family of circular plasmids of approximately 32 kb in size (cp32-1 through cp32-7 in isolate B31) (Amouriaux et al., 1993; Porcella et al., 1996; Simpson et al., 1990b; Stevenson et al., 1996; Zuckert et al., 1994; Zuckert & Meyer, 1996) . Restriction site mapping and partial sequencing of these plasmids has indicated that they contain similar nucleotide sequences and gene orders throughout much of their lengths (Casjens et The GenBank accession numbers for the orfC-Off3 loci of 831 plasmids cp32-2, cp32-3, cp32-4, cp32-6 and cp32-7 are AFO22479, AF022480, AFO22481 , NO22482 and AFO22483, respectively.
have also been described, including an 18 kb truncated form (cp18) and'a 56 kb linear plasmid that contains a large segment of DNA homologous to the cp32 plasmids (lp56) Porcella et al., 1996; Simpson et al., 1990b; Stevenson et al., 1997; Zuckert & Meyer, 1996) . Two 8-10 kb truncated and rearranged members of the cp32 family (cp8-3 and cp9) have also been described (Dunn et al., Fraser et al., 1997) , although they lack many of the genes discussed in this work. Clonal cultures of B. burgdorferi containing as many as seven different members of the cp32 plasmid family have been isolated , and it is possible that other clones of isolate B31 may contain fewer plasmids or additional, uncharacterized members of the cp32 family. Due to the extensive sequence similarities of the cp32 plasmids, they could not be confidently assembled by the B. burgdorferi B31 genome sequencing project of the Institute for Genomic Research (TIGR) (Fraser et al., 1997) , and their complete sequences have not yet been published.
Many of the cp32 family of plasmids are compatible with each other and would therefore be expected to utilize different segregation proteins (Novick, 1987) .
Two putative genes, orfC and orf3, were found to be adjacent to each other on two of the cp32s and the lp56 of B. burgdorferi isolate B31 (Casjens et al., Zuckert & Meyer, 1996) and on the cp18 of isolate N40 (Stevenson et al., 1997) , and these four orfc-orf3 loci are heterogeneous in sequence (Stevenson et al., 1997; Zuckert & Meyer, 1996) . The deduced Orf3 proteins are not homologous to any other previously characterized protein. It has been previously noted that the orfC genes are similar to proteins that are required for efficient partitioning of low-copy-number plasmids of other bacteria (Barbour et al., 1996; Ziickert & Meyer, 1996) , such as the ParA and SopA proteins encoded by the Escherichia coli plasmids P1 and F, respectively (Abeles et al., 1984; Ogura & Hiraga, 1983) . Due to the predicted similarities of the OrfC proteins with these plasmid segregation proteins, we postulate that each cp32 family member within a single bacterium might carry different orfC genes and we have now characterized the orfc-orf3 loci of all the known cp32 plasmids that can be carried by B. burgdorferi isolate B31.
The cp32 plasmids also encode members of a family of surface-exposed, membrane-bound lipoproteins we have called Erp proteins (Casjens et 1995) , and often show a variability of sequence suggestive of past recombination events among these genes. However, the multiplicity and similarity of the cp32 plasmids have made it impossible to determine whether the variation seen among members of the erp family is due to recombination events or reflects separately evolving gene sequences on a very large number of homologous plasmids. In this study we used the distinctive orfc-orf3 loci of the cp32 plasmids as physically linked markers to analyse the relationships between erp loci and we found evidence of historical recombination events among the erp gene family.
METHODS
Bacterial strains and culture. B. burgdorferi were grown at 34 OC in liquid BSK-H medium (Sigma) supplemented with 6% rabbit serum (Sigma). Isolate B31 is the type strain of B. burgdorferi (ATCC 35210) , originally isolated from an infected tick collected on Shelter Island, New York (Burgdorfer et al., 1982) . Two previously described clones of B31 were used in this work: B31-4a, cloned from a lowpassage culture and infectious in laboratory mice, and B31-el, cloned from a culture that has been maintained in the laboratory for several years and is no longer infectious in mice (Casjens et 1982) , respectively, were prepared using Qiagen Midi plasmid purification kits following the manufacturer's recommendations. A previously described recombinant E. coli plasmid containing an EcoRI fragment of the B31 cp32-3 (Casjens et al., 1997) was used to determine the orfC and orf3 sequences of cp32-3.
The orfc-orf3 loci of the B31 cp32-2, cp32-4, cp32-6 and cp32-7 were amplified by PCR from purified B31 plasmids using an oligonucleotide complementary to the conserved orf2 gene in combination with an oligonucleotide primer complementary to a specific DNA sequence within the erp locus of each plasmid ( Table 1) . DNA fragments of cp32-2 and cp32-4 were amplified from clone B31-el, and fragments of cp32-6 and cp32-7 were amplified from clone B31-4a. PCR conditions in a DNA Thermal Cycler (Perkin-Elmer) consisted of 25 cycles of 94 "C for 1 min, 50 OC for 1 min and 65 OC for 6 min. PCR reaction products [both uncloned and cloned into pCR2.1 (Invitrogen)] were sequenced using a model 370A automated sequencer (Applied Biosystems) . DNA and predicted protein alignments were executed using the program CLUSTAL v (Higgins et al., 1992) and phylogenetic trees were constructed using the program MEGALIGN (DNAStar).
Southern blot analysis. DNA electrophoresis, blotting and hybridization with radiolabelled probes was carried out as described previously (Casjens & Huang, 1993; . Using the oligonucleotides listed in Table 1 , probes specific for the orfC genes of plasmids cp32-2, cp32-3, cp32-4, cp32-6 and cp32-7 were produced by PCR amplification from cloned DNA fragments that included each gene. Reaction conditions in a DNA Thermal Cycler (Perkin-Elmer) consisted of 25 cycles of 94 OC for 1 min, 50 "C for 30 s and 72 "C for 1 min. PCR reaction products were diluted 1 : l O O in distilled water and subjected to a second round of PCR amplification. Accession numbers of previously described genes and proteins. The GenBank accession numbers of the B31 erpAB2, erpCD, erpG, erpH, erplj, erpK, erpLM and erpX loci are U78764, U44914, U42598, U44913, U72996, U72997, U72998 and AF020657, respectively (Casjens et al., Stevenson et al., 1996 Stevenson et al., ,1998 . The accession numbers of the orfC-orf3 loci of the B31 plasmids cp32-1, cp32-5 and lp56 are X87127, X87202 and X87201, respectively (Casjens et al., Zuckert & Meyer, 1996) . The accession numbers of ospE, ospF and the orfc-orf3 locus of the N40 plasmid cp18 are L13924, L13925 and U42599, respectively (Lam et orfc-orf3 genes of cp32-1 and cp32-5 (Zuckert & Meyer, 1996) are located approximately 5 kb 5' of the erp loci of these two plasmids , we reasoned that the remaining cp32 plasmids would probably contain orfC and orf3 homologues in similar locations. Consistent with our hypothesis, we were able to identify orfc-orf3 loci in DNA fragments that included each of the other erp loci (Table 2) . A previously cloned EcoRI fragment of cp32-3 isolated from a library of B. burgdorferi clone B31-el plasmid fragments encompassed the region predicted to contain the orfc-orf. locus , which we confirmed by sequencing. The remaining orfc-orf3 loci, from plasmids cp32-2, cp32-4, cp32-6 and cp32-7, were obtained by PCR amplification from B31 plasmid DNA. Another putative gene, orf2, is located immediately 5' of the orfC gene on cp32-1, cp32-3, cp32-5 and lp56 (see Fig. 3 ) (this work; Zuckert & Meyer, 1996) . Unlike orfC and orf3, the previously known orf2 genes have more than 95 YO identical nucleotide sequences (Ziickert & Meyer, 1996) . We used oligonucleotides based on conserved sequences of the orf2 genes, in combination with oligonucleotides complementary to specific sequences located within each known B31 erp locus, to amplify the DNA spanning the region between the orf2 and erp genes from cp32-2, -4, -6 and -7. These DNA fragments were partially sequenced, which revealed that each contained the appropriate erp locus on one end and an OUfc-O~f3 locus on the other end.
We previously constructed detailed maps for each member of the B31 cp32 plasmid family that locate the cleavage sites of 20 different restriction endonucleases, and have found that each cp32 plasmid and lp56 has a unique cleavage pattern ( S . Casjens, unpublished results ; T o confirm that we had identified the correct orfc-orf3 genes from each cp32 plasmid, we used probes specific for each orfc-orf3 locus in Southern hybridization studies. In all cases, the restriction patterns obtained using the orfc-orf3 probes were identical to those found previously using other probes specific for each plasmid. The same results were obtained when hybridizing to DNA purified from either the high-passage, non-infectious clone B3 1-el, the lowpassage, infectious clone B31-4a or B31-MI, the uncloned cuture that has been partially sequenced by TIGR (Fraser et al., 1997) . We conclude that the PCR fragments we obtained accurately reflect the orf&wf3 and erp locus arrangements on the B. burgdorferi B31 cp32 plasmids.
Comparing the predicted OrfC proteins of plasmids cp32-1 through cp32-6 and of lp56 indicated that these proteins all contain regions of similarity with the ParA and SopA proteins of E. coli plasmids P1 and F (Fig. 1) . , 1990) . If the OrfC proteins function in plasmid partition, the variation among them may account for the compatibility of the numerous cp32s and related plasmids found in isolate B31.
In contrast to the heterogeneity seen among the other plasmids of B31, cp32-7 contains orfC and orf3 genes that are nearly identical to those located on cp32-2, differing by only 4 bp over a stretch of 1311 bp (Table  3) . These four differences do not alter the amino acid sequences, so the OrfC and Orf3 proteins of cp32-2 and cp32-7 are predicted to be indistinguishable ( , and some of these may have contained cp32-2 while others contained cp32-7. Additional studies will be required to conclusively identify the compatibility determinants of the many B. burgdorferi plasmids. Related offC"rf3 loci of another B. burgdorferi isolate
The orfC and orf3 genes of cp32-7 are identical to those of cp18, an 18 kb truncated member of the cp32 family found in B. burgdorferi isolate N40 that contains the ospEF locus, a homologue of the B31 erp loci (Table 2 ) Stevenson et al., 1997) . Since the OrfC and Orf3 proteins of cp18 are predicted to be identical to those of cp32-2 and cp32-7, we conclude that at least this portion of these three plasmids shares a recent common ancestor. We have previously found that all B. burgdorferi sensu strict0 isolates examined contained plasmids of the cp32 family . It is unknown whether other bacteria besides N40 contain any such close relatives of the B31 cp32 plasmids. B31 was isolated on Shelter Island, New York (Burgdorfer et al., 1982) while N40 was isolated several years later in Westchester County on the New York mainland (Barthold et al., 1993) . Analyses of the cp32 orfc-orf3 loci of different isolates could serve as markers of how widespread these plasmids are among Lyme disease bacteria and whether they can be transmitted horizontally.
odc-rf3 genes as markers of genetic drift versus recombination
Most of the B31 erp genes vary considerably in their sequences, as do other members of this gene family that have been identified from other isolates of B. burgdorferi (Akins et al., 1995; Lam et al., 1994; Marconi et al., 1996; Stevenson et al., 1996 Stevenson et al., ,1998 Suk et al., 1995; Wallich et al., 1995) . While this high degree of variation may indicate recombination among these genes, it might also be argued that these differences are due to gradual genetic drift of plasmid sequences that 
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are no longer in genetic contact with one another. The physically linked orfc-orf3 and erp loci provide a framework for determining whether the erp loci have diverged in isolation or if there have been recent recombination events among the cp32 plasmids.
As an example, plasmid cp32-3 contains erpG, and cp32-6 contains erpK (Table 2) , which share 51% identical nucleotides, with the two deduced proteins predicted to contain 36 Yt identical amino acids ( , 1996) . The physically linked
OrfC-orf3 loci of cp32-3 and cp32-6 are also different between the two plasmids, sharing 62 % identical nucleotides (Table 3) . Dendrograms based on orfC-orf3
and erp gene sequences also illustrate the distant relationships of these loci (Fig. 2) . The data suggest that cp32-3 and cp32-6 are not closely related members of the cp32 plasmid family, and it is therefore impossible to determine whether variation between erpG and erpK is due to recombination or to random mutations that have accumulated since these two plasmids diverged from a presumed common ancestral cp32.
The orfc-orf3 loci of plasmids cp32-1 and cp32-5 are also different from each other, again suggesting a distant relationship ( Table 3 , Figs 2a and 3a) . Restriction site maps of these two plasmids indicate that they also contain unique sequences at other locations throughout
the plasmids (Casjens et al., 1997) . In contrast, the erpAB2 and erpZ] loci of cp32-1 and cp32-5, respectively, have identical nucleotide sequences and therefore must be extremely close relatives (Figs 2b and 3a) Stevenson et al., 1998) . These observations strongly suggest that a recent recombination event gave rise to the current forms of these two plasmids, with a region of DNA that included erpAB2/erpZJ replacing the predecessor erp locus of one plasmid.
Recombination within erp loci on closely related plasmids
The near identity of the orfC-orf3 loci found on the B31 cp32-2 and cp32-7 plasmids and the N40 cp18 plasmid indicates that at least these regions of the three plasmids are closely related, therefore permitting the comparison of the erpCD, erpLM and ospEF loci for evidence of past recombination events (Fig. 3b) . Several genes in these three loci are similar to one another, as would be expected for genes on closely related plasmids. The erpC and ospE genes, each the first gene of bicistronic operons, share 88 O/O identical nucleotides and 77 % identical amino acids (Table 4 , Figs 2b and 4a) . Similarly, the erpD and erpM genes, the second genes of bicistronic operons, share 67 YO identical nucleotides and 58% identical amino acids ( (Fig. 4a, b ) (Dykhuizen et al., 1993) . There are, however, suggestions of past insertion and/or deletion events within these pairs, since in each pair, short lengths of sequence are present in one member of the pair that are absent in the other (Fig. 4a, b) .
In contrast, the erpL gene, the first gene of the erpLM bicistronic operon, is significantly different from either erpC or ospE, sharing only 38% and 35% identical nucleotides, respectively, and little amino acid identity (Table 4 , Figs 2b and 4a) . Likewise, ospF, the second gene of the ospEF operon, shares little sequence with either erpD or erpM (38% identity with both genes) ( Table 4 , Figs 2b and 4b). erpL and ospF, however, share 76 YO identical nucleotides and 67 % identical amino acids (Table 4) , with extended stretches of identity throughout their lengths (Fig. 4c) . This similarity suggests that erpL and ospF may be descendants of a common ancestor that recombined into the first or second gene, respectively, of primordial erpCD-like loci, The first 452 bp of erpL are also identical to the corresponding region of bbk2.22 , a monocistronic erp homologue of B. burgdorferi isolate 297 (Akins et al., 1995) (Table 4 , Fig. 4c ). The location of the bbk2.22 locus in the 297 genome has not yet been determined (Akins et al., 1995) , so its other relationships with the B31 and N40 plasmids and erp homologues cannot be analysed at this time. Although recombination has apparently occurred in natural settings, we have not detected any cp32 rearrangements within laboratory cultures, since both erp gene and cp32 plasmid sequences were found to be virtually identical among cultures of B31 that have been separated for thousands of generations of cultivation (B. Stevenson, unpublished results; .
The only known variation that has occurred in the B31 erp loci during laboratory cultivation is a single base in the erpB gene of a high-passage, non-infectious culture Bbk2.11 that has mutated from that of both infectious cultures we have studied (B31-4a and B31-MI) Stevenson et al., 1996 Stevenson et al., ,1998 . Bacteria reisolated from longterm infected animals appear to be antigenically stable at several other loci as well (Barthold, 1993; Persing et al., 1994) . Further experiments will determine whether the sequences of the erp genes also undergo recombination within mammals or are stably maintained during chronic mammalian infections.
Conclusions
We have presented evidence of past recombination events within the plasmids carrying erp genes, using the physically linked orfc-orf3 locus as a marker of plasmid relatedness. Further analyses may reveal evidence of additional genetic rearrangements. Since a single bacterium may contain several different cp32 plasmids, each possibly carrying a unique erp locus , we cannot speculate on whether these recombination events involved DNA already within a bacterium or if the DNA came from external sources.
Homologues of the B31 erp genes have been identified in several other isolates of B. burgdorferi (Akins et al., 1995; Lam et al., 1994; Marconi et al., 1996; Suk et al., 1995; Wallich et al., 1995) and characterization of the orfc-orf3 loci that are physically linked to these genes would enable a more detailed analysis of erp gene family evolution.
